The effect of SiO 2 addition on the decomposition of Na 2 CO 3 was investigated using the thermo-gravimetric and differential scanning calorimetric method (TG-DSC). Addition of SiO 2 greatly enhanced the decomposition of Na 2 CO 3 . The main decomposition reaction began to take place at a eutectic temperature of the Na 2 O-SiO 2 system (800°C). The initial decomposition product was identified as Na 2 SiO 3 , irrespective of the mixing ratio of Na 2 CO 3 to SiO 2 . The governing reaction of the decomposition was concluded to be Na 2 CO 3 ϩSiO 2 ϭNa 2 SiO 3 (s)ϩCO 2 (g). The decomposition rate was independent of the Na 2 CO 3 /SiO 2 mixing ratio until either one has completely been exhausted and hence was not available any more for the above reaction. If surplus Na 2 CO 3 exists after formation of Na 2 SiO 3 by reacting with all SiO 2 , the remaining Na 2 CO 3 decomposes partly by reacting with Na 2 SiO 3 to form Na 6 Si 2 O 7 and partly by thermal self-decomposition. A liquid layer that was formed at the carbonate/additive interface facilitated the decomposition of the carbonates. The melting behavior of a mold flux was greatly influenced by the lowest eutectic temperature that a mold flux system can exhibit. The apparent activation energy of the decomposition of Na 2 CO 3 in existence with SiO 2 was estimated to be 426 kJ · mol
Introduction
Mold flux is of importance in the continuous casting of steels. Lubrication of the cast surface against the mold wall, control of heat transfer between the mold and cast body, insulation of the molten steel pool in the mold, protection of liquid steel against reoxidation, and absorption of inclusions are among some of the important functions of the mold flux. Tight control of the melting behavior and physico-chemical properties of the mold flux are therefore essential for the production of quality cast. Na 2 O is widely used as a fluxing material and added 1 to 20 wt% 1) to control the melting behavior and viscosity of the mold flux. In general, Na 2 O is added as carbonate (Na 2 CO 3 ), which would decompose during melting of the mold flux. Recently, it was reported that the increase in the melting rate of the mold flux by the addition of carbonates such as Na 2 CO 3 and Li 2 CO 3 is due to an increase in the thermal conductivity of the mold flux by gases generated during decomposition of the carbonates.
2) It has also been reported that, if the amount of carbonates is excessive, turbulence in the mold is caused by virtue of an intense evolution of gases. In order to make the most of the beneficial effects of the carbonates, therefore, it is essential to understand in detail how the carbonates interact with other components in the mold flux and hence influence the melting behavior of the mold flux. Systematic studies on the decomposition of carbonates such as Na 2 CO 3 and Li 2 CO 3 in existence with SiO 2 in the mold flux system are few.
3) Only some studies on the reaction between Na 2 CO 3 and SiO 2 in the glass-making system were reported. 4, 5) In the present study, an attempt has been made to elucidate the decomposition behavior of Na 2 CO 3 by interaction with SiO 2 that exists in the mold flux.
Experimental
The chemical composition of the materials used in the present study is given in Table 1 . A thermal analyzer equipped with both thermo-gravimetric (TG) and differential scanning calorimetric (DSC) functions was employed, which enabled the simultaneous analysis of TG and DSC with a detection accuracy of Ϯ1 mg. All the decomposition experiments were carried out in an inert atmosphere by flowing purified argon gas at the rate of 5ϫ10 Ϫ5 m 3 · min
Ϫ1
. The sample mass was in the range of 15 to 50 mg depending on the experimental condition. A number of different mixing ratios of Na 2 CO 3 to SiO 2 were employed to investigate the effect of the ratio on the decomposition behavior. The decomposition of pure Na 2 CO 3 and Na 2 CO 3 mixed with carbon was also investigated for the purpose of comparison. Alumina powder was used as reference material. Both the sample and reference were contained in a platinum crucible (5 mm ID and 6 mm L). The samples were heated up to a desired temperature at the heating rate of 10 K · min
. Once the temperature had reached the desired level, the samples in the crucible were lowered to the bottom of the furnace and immediately quenched by blowing helium gas. Some samples were subjected to XRD (X-ray Diffraction) and SEM (Scanning Electron Microscope) analyses for phase determination. For these analyses samples were heated in a vertical tube furnace under otherwise the same experimental conditions as TG-DSC and then quenched. The temperature was accurately controlled using a thermocouple positioned just above the sample. Figure 1 is a typical TG-DSC results for the decomposition of Na 2 CO 3 mixed with SiO 2 . For the purpose of comparison, the decomposition behavior of pure Na 2 CO 3 is also given in this figure. It shows a change in the mass of the sample and the heat flow over time (10°C increment is equivalent to one minute). It is clearly seen that there is a vast difference in the decomposition behavior of Na 2 CO 3 between the two cases. Na 2 CO 3 mixed with SiO 2 begins to decompose at the temperature of 770°C, whereas pure Na 2 CO 3 hardly decomposes at this temperature, and the decomposition rate is extremely slow even after melting point 850°C 6) (see the endothermic peak in Fig. 1) . Moreover, the rate of decomposition of Na 2 CO 3 mixed with SiO 2 increases very rapidly by increasing the temperature. Figure 2 shows the change in the rate of mass loss (dm/dt) and the heat flow during TG-DSC analysis of Na 2 CO 3 mixed with SiO 2 . The rate of mass loss reaches the maximum level when the temperature approaches the melting point of Na 2 CO 3 , which corresponds to the peak of the curve of the heat flow. Figures 1 and 2 also show that the decomposition of Na 2 CO 3 due to the reaction with SiO 2 is complete just after the temperature has reached the melting point of Na 2 CO 3 . It is now obvious that existence of SiO 2 greatly enhances the decomposition of Na 2 CO 3 .
Results and Discussion

Observations
Reactions that are responsible for the decomposition of Na 2 CO 3 in a usual mold flux system include: In order to examine which of the above reactions would dominate the decomposition of Na 2 CO 3 in a mold flux system which contains both carbon and SiO 2 , a separate experiment was carried out by using a mixture of Na 2 CO 3 and carbon black, with results being given in Fig. 3 . It is clear that the decomposition of Na 2 CO 3 mixed with SiO 2 occurs at much lower temperatures and is nearly complete by the time decomposition of Na 2 CO 3 mixed with carbon black is just beginning to take place. The above observations confirm the view that the decomposition of Na 2 CO 3 occurs predominantly by the interaction with SiO 2 rather than with carbon. In order to examine the effect of the relative amount of SiO 2 on the decomposition of Na 2 CO 3 , experiments were carried out with samples of a number of different mixing ratios of Na 2 CO 3 to SiO 2 , i.e., Na 2 CO 3 /SiO 2 in molar ratio of 1.0/0.0, 1.0/0.5, 1.0/1.0, 1.0/1.5, and 1.0/2.0, and results are given in Fig. 4 . It is seen that, except the case of no addition of SiO 2 , the mass loss varied with temperature for each mixing ratio follows a nearly identical path until the temperature reaches the point indicated by an arrow in the figure. In other words, the decomposition of Standard free energy changes of the reactions 7) represented by Eqs. (1) to (7) are plotted against temperature in Fig. 7 . The change in slope in a free energy line indicates phase transformation of a constituent (either a reactant or product) involved in the reaction. It is seen that the reaction which is most feasible to occur from a thermodynamic point of view is obviously the one represented by Eqs. (3) and (4) . This prediction is in accordance with the observation in that Na 2 SiO 3 is the only type of silicate found in the experiments regardless of the mixing ratio of Na 2 CO 3 to SiO 2 (Fig. 6) . No formation of Na 2 Si 2 O 5 in the present study is postulated to be due to a kinetic reason, i.e., the formation reaction being substantially slow and/or the activation energy, for the reaction being much too high, for instance. The above free energy analysis is in fact applicable only when the system is under a thermodynamic equilibrium and all species are in their standard states, but the system of the present experimental study, which experiences a rise in temperature at the rate of 10 K · min
Thermodynamic Predictions
Ϫ1
, is not necessarily in equilibrium at every moment. Moreover, it is seen from Fig. 8  8) that Na 2 SiO 3 should be observed only with the mixing ratio of Na 2 CO 3 to SiO 2 being 1.0/1.0, not with other mixing ratios. However, Na 2 SiO 3 is the only silicate that is observed in all the mixing ratios up until the temperature reaches 1,000°C in present experiments. One conceivable way that can satisfy all the above observations and discussion is to conclude that the reaction of Eq. (3) is kinetically faster than other reactions, and hence governs the decomposition process of Na 2 CO 3 , viz., Na 2 SiO 3 forms first at all mixing ratios of Na 2 CO 3 /SiO 2 investigated.
Reaction Paths
Based on the observations and discussion given above, it is now possible to discuss reaction paths that the system comprising Na 2 CO 3 and SiO 2 follows under the conditions prevailing in the present study. Figure 4 shows that, when a mixture of Na 2 CO 3 and SiO 2 is heated continually, the decomposition of Na 2 CO 3 begins to occur to an appreciable extent at around 800°C as seen in Figs. 1-4 . It is of interest to know that this temperature corresponds to the eutectic point (799°C) of the Na 2 O-SiO 2 system (point A in Fig. 8 ). This coincidence suggests that the main decomposition reaction of Na 2 CO 3 begins to take place when a liquid phase of (Na 2 OϩSiO 2 ) mixture forms at the Na 2 CO 3 (s)/SiO 2 (s) interface. Once the liquid phase has been formed, the following processes are postulated to proceed simultaneously: (12) where the round bracket indicates the liquid solution phase, the subscript N/L represents the interface between Na 2 CO 3 and the liquid phase, and the subscript S/L stands for the interface between SiO 2 and the liquid phase.
The rate of each process in the above will be enhanced with temperature, as is clearly seen in Figs. 3 and 4 . Formation of Na 2 SiO 3 and subsequent dispersion is confirmed in Fig. 9 , which shows both the starting materials and the sample quenched in the middle of the decomposition process. A liquid layer around the SiO 2 particles is clearly visible as indicated by "A" in the figure. The EPMA line analysis shows that in the region indicated by "A" concentration gradients of both sodium (Na) and silicon (Si) are being developed, which indicates these oxides of Na 2 O and SiO 2 , respectively being transported in the opposite direction to each other. The above processes will continue to proceed until either SiO 2 or Na 2 CO 3 has been completely exhausted. In the case of the Na 2 CO 3 /SiO 2 mixing molar ratio of 1.0/1.0 which is the exact stoichiometric ratio for the reaction of Eq. (3), the decomposition product should be Na 2 SiO 3 only. As seen in Fig. 6(a) , the majority of the product is indeed Na 2 SiO 3 . However, a small amount of SiO 2 is also identified. This can be explained in conjunction with the decomposition curve for the Na 2 CO 3 /SiO 2 molar ratio of 1.0/1.0 in Fig. 4 . In this case, as the decomposition approaches completion, the amount of solid Na 2 SiO 3 increases at the expense of the liquid phase and hence the transfer of Na 2 O and SiO 2 in the liquid phase is hindered. This explains the rate of decomposition being sluggish toward completion of the decomposition (Fig. 4) and the small residual amount of SiO 2 is left (Fig. 6) . Further evidence of the formation of Na 2 SiO 3 was obtained through TG-DSC analysis for the sample of Na 2 CO 3 /SiO 2 molar ratio of 1.0/1.0 as given in Fig. 10 . The endothermic peak at 1 082°C in the figure corresponds to the melting point of Na 2 SiO 3 (see Fig. 8 ). This suggests that solid Na 2 SiO 3 forms in the course of Na 2 CO 3 decomposition in existence with SiO 2 and melts when the temperature exceeds its melting point. In cases where the amount of SiO 2 exceeds the stoichiometric requirement of the reaction of Eq. (3), i.e., the molar ratio of SiO 2 to Na 2 CO 3 is greater than 1.0/1.0, all the Na 2 CO 3 will completely decompose and there will be SiO 2 (s) left afterward. However, as the coexistence of Na 2 SiO 3 and SiO 2 is not an equilibrium combination (see Fig. 8 ), there should be a liquid phase during the course of decomposition, and the amount of the liquid phase should increase as time lapses. Figure 6 (b) which shows a glassy phase together with Na 2 SiO 3 and SiO 2 confirms the above view, and the existence of the liquid phase to a substantial amount warrants a fast rate of decomposition until the decomposition is complete (see the curves for the Na 2 CO 3 / SiO 2 mixing ratio of 1.0/1.5 and 1.0/2.0 in Fig. 4) . Figure  11 shows the change in the relative amount of each species during the course of decomposition of Na 2 CO 3 . It is seen that the amount of Na 2 SiO 3 increases at the expense of SiO 2 and Na 2 CO 3 as the fraction of the reaction increases. It was noted earlier that decomposition behavior in the case of 1.0/0.5 mixing ratio of Na 2 CO 3 /SiO 2 showed a sharp change in the decomposition rate, viz., a rapid decomposition rate followed by a much slower rate (see Fig.  4 ). According to the mass balance calculation (Fig. 5 ) and XRD analysis (Fig. 6) , the point where the rate experiences a sudden change was confirmed to indicate the moment at which SiO 2 in the mixture had been exhausted due to the reaction represented by Eq. (3) and hence the reaction product of Na 2 SiO 3 and surplus Na 2 CO 3 were left. Careful comparison of the decomposition rate after passing the point with that of pure Na 2 CO 3 reveals that further decomposition of Na 2 SiO 3 /Na 2 CO 3 mixture is faster than that of pure Na 2 CO 3 (see Fig. 4 ). This implies that decomposition of Na 2 CO 3 in the Na 2 SiO 3 /Na 2 CO 3 mixture does not follow the same path as that of pure Na 2 CO 3 . In order to understand the difference, additional decomposition experiment was carried out with an Na 2 CO 3 /SiO 2 mixture of 1.0/0.5 molar ratio until the temperature reached 1 200°C. The TG result is given in Fig. 12 . The result of decomposition of pure Na 2 CO 3 is also included in this figure for the purpose of comparison. It is clear from this figure that, at the point A which indicates complete exhaustion of SiO 2 in the mixture, the rate of mass loss sharply decreases, but is still faster than that of pure Na 2 CO 3 . The rate rises with temperature, but the rising rate is higher for pure Na 2 CO 3 . At around 1 100°C both rates become the same as each other. In order to identify decomposition products samples were quenched at a number of different temperatures, viz., 870, 930 and 1 050°C, and the quenched samples were subjected to XRD analysis, with results being given in Fig. 13 . At both 870 and 930°C Na 2 SiO 3 and Na 2 CO 3 were found, but at 1 050°C Na 6 Si 2 O 7 (3Na 2 O · 2SiO 2 ) is identified in addition. This suggests that the following reaction (Eq. 13) is operative in the Na 2 SiO 3 /Na 2 CO 3 mixture: Na 2 CO 3 ϩ2Na 2 SiO 3 ϭNa 6 Si 2 O 7 ϩCO 2 (g)......... (13) Motzfeldt 9) suggested that the following reaction of Eq. (14) was responsible for the decomposition of pure Na 2 CO 3 , based on the observations that the Na 2 O content in Na 2 CO 3 (l) was in the order of 1 mass%, and Na 2 O was not detected in the remaining sample:
With the experimental findings and discussion given above, it is now possible to draw conclusions as follows:
(1) On heating of an Na 2 CO 3 /SiO 2 mixture Na 2 CO 3 de- composes to form Na 2 O · SiO 2 according to Eq. (3). (2) If surplus Na 2 CO 3 exists after formation of Na 2 O · SiO 2 with complete exhaustion of SiO 2 , further decomposition of excess Na 2 CO 3 occurs according to both reactions of Eqs. (13) and (14) simultaneously. At the initial stage the decomposition occurs dominantly according to Eq. (13) since the decomposition of Na 2 CO 3 alone is slow. As the temperature rises, the decomposition rate according to Eq. (14) increases more rapidly and hence the reaction of Eq. (14) becomes dominant. Further evidence of the reaction of Eq. (14) being operative can be found from the mass loss given in Fig. 12 : If Eq. (13) were the only reaction that occur, decrease in the mass of the system should stop after losing 32 % of its initial value according to the reaction stoichiometry. Continual mass loss beyond this limit in the actual experiment proves that the reaction of Eq. (14) also occurs simultaneously.
Decomposition in a Mold Flux System
Spodumene (LiAl(SiO 3 ) 2 ) is usually used instead of pure SiO 2 in practical mold fluxes. Carbon is also added for the purpose of melting control. Decomposition behavior of Na 2 CO 3 in coexistence with LiAl(SiO 3 ) 2 and carbon was investigated using the same technique as that for Na 2 CO 3 mixed with SiO 2 , with the results being given in Fig. 14 . It is seen that the decomposition begins somewhere between 550 to 600°C, and is complete before the temperature reaches 800°C. Decomposition of Na 2 CO 3 with spodumene begins and ends at lower temperatures than that with pure SiO 2 . In coexistence with spodumene, the decomposition of Na 2 CO 3 will form a quarternary system of Na 2 O-SiO 2 -Al 2 O 3 -Li 2 O. Although the phase relationship of this system is not readily available, it is of interest to know that the lowest eutectic points of Na 2 O-SiO 2 -Al 2 O 3 and Na 2 O-SiO 2 -Li 2 O ternary systems are 732 10) and 585°C, 11) respectively. From the comparison with the eutectic point of 799°C for Na 2 O-SiO 2 binary system, it is obvious that the temperature of a liquid phase formation at Na 2 CO 3 /spodumene interface is lower than that at the Na 2 CO 3 /SiO 2 interface. This is further evidence that the formation of a liquid phase at the carbonate/additive interface facilitates the decomposition of Na 2 CO 3 . In summary, the lowest eutectic temperature of a mold flux system is considered to be an important factor which controls the melting behavior of the mold flux.
Activation Energy of Decomposition
The Freeman-Carroll method 12) is employed in the analysis of TG-DSC experimental data. In this method, the rate expression for disappearance of a reactant from the mixture is assumed to be where, X is the amount of the reactant at time t, k is the specific rate constant, n is the empirical order of irreversible reaction with respect to reactant.
It is assumed that the specific rate constant can be expressed by a simple Arrhenius equation 16) where A is the frequency factor, E is the apparent activation energy, R is the gas constant, and T is the absolute temperature. 18) where w c is the weight loss at the completion of a reaction, and w is the total weight loss up to time, t.
By plotting Eq. (17), the order of reaction and the activation energy for the reaction of interest can be obtained. The relationship between D log(dW/dt)/D log W r term and DT Ϫ1 / D log W r term for the decomposition of Na 2 CO 3 with SiO 2 given in Fig. 4 is shown in Fig. 15 . The result shows a reasonably good linear relationship. The activation energy of 
